Abstract. The expression of is aberrantly induced in steroid-induced avascular necrosis of femoral head (SANFH). Therefore, investigating the function of miR-206 in SANFH and uncovering the functional mechanism associated with the condition will promote the understanding and treatment of the disease. The purpose of the present study was to investigate the pro-osteoclasteogenic effect of miR-206 that occurs through regulation of programmed cell death 4 (PDCD4). The expression of miR-206 and PDCD4 was analyzed in the clinical SANFH specimens. The level of miR-206 and PDCD4 was regulated in human osteoblast lineage hFOB1.19 and the effect of different treatments on cell viability, proliferation, apoptosis and differentiation potential of osteoblasts were analyzed with a Cell Counting kit-8, 5-ethynyl-2'-deoxyuridine staining, flow cytometry and Hoechst staining. The expression of miR-206 was upregulated while PDCD4 was downregulated in the SANFH specimens. Induced expression of miR-206 decreased cell viability and proliferation, while apoptosis was induced. At the molecular level, overexpression of miR-206 inhibited the expression of PDCD4, alkaline phosphatase (ALP) and B-cell lymphoma 2 (Bcl-2), and increased the expression of apoptosis regulator Bcl2-X-associated protein (Bax). Inhibiting the expression of miR-206 increased cell viability and proliferation but had no effect on cell apoptosis, as detected by flow cytometry and Hoechst staining. However, at the molecular level, inhibiting the expression of miR-206 induced expression of PDCD4, ALP and Bcl-2, while it decreased the expression of Bax. Additionally, knockdown of PDCD4 blocked the effect of miR-206 inhibition on hFOB1.19 cells, representing a PDCD4-dependent manner of miR-206 in inducing apoptosis of osteoblasts. Therefore, miR-206 promoted the onset of SANFH by inducing apoptosis and suppressed the proliferation of osteoblasts, which was dependent on the inhibition of PDCD4.
Introduction
Perthes' disease is a self-limiting disease of children, and causes interrupted blood supply to the capital femoral epiphysis (1) . As one of the major outcomes of the deficient blood supply associated with Perthes' disease, a large proportion of the patients will end up with steroid-induced avascular necrosis of femoral head (SANFH), which is characterized by degeneration of the femoral head and death of the dynamics component of bone (2) . Since the 1960s, scientists have been attempting to reveal the pathogenesis of SANFH and have proposed multiple theories. Mechanisms including fat coagulation, increased intraosseous pressure and osteoporosis have been investigated for their potential to identify the pathogenesis of SANFH (3, 4) . However, even with the investigation of SANFH, there are a number of questions that need to be answered concerning the pathological alterations associated with osteocytes and osteoblasts in SANFH. In previous years, several studies have inferred the strong association of osteoblastogenesis with SANFH (5, 6) . A comprehensive understanding of the pattern of the death of osteocytes and osteoblasts, and factors involved in the process, will provide a novel insight into the pathogenesis of SANFH. Several studies have already been performed to validate the key role of the fate of osteoblasts in determining the onset of SANFH (7, 8) . It is also been demonstrated that a deficiency in the number and function of osteoblasts results in impaired osteogenic capacity, and therapies based on osteoblast grafts can alleviate the symptom of femoral head necrosis (9) . Therefore, identification of biomarkers predicating or modulating the proliferation of osteoblasts will open novel therapeutic avenues for SANFH.
MicroRNAs (miRs) have important roles in determining the growth, differentiation and function of bone cells (10) . By binding to 3' untranslated regions (3'UTRs) of target mRNAs, miR family members can repress the function of the targeted MicroRNA-206 contributes to the progression of steroid-induced avascular necrosis of the femoral head by inducing osteoblast apoptosis by suppressing programmed cell death 4
genes. More than 600 miR members have been proved to have an effect on bone and cartilaginous tissues, influencing the fate of osteoblasts and osteoclasts as well as chondrocytes and other mesenchymal cell types (11) (12) (13) (14) (15) . Inose et al (16) demonstrated that the level of miR-206 is markedly downregulated during differentiation of C2C12 cells into osteoblasts, while overexpression of miR impairs bone formation by targeting the gap junction a-1 protein (9, 16) . In addition, the association between the effect of miR-206 on osteogenic differentiation with the onset of SANFH is further explained by Liu et al (17) , by connecting the function of the miR to the Wnt/β-catenin signaling pathway.
Results of the two studies confirmed the crucial role of miR-206 in determining the differentiation potential of osteoblasts. Therefore, it is reasonable to investigate the signaling pathways involved in the function of miR-206 in osteoblasts.
Although hundreds of targets of miR-206 have been predicated by bioinformatics analysis, the present study focused on the expression of programmed cell death 4 (PDCD4) in osteoblasts. Expression of the PDCD4 gene influences the activity of the transcription factor AP-1 directly (18, 19) , and diminished PDCD4 level allows initiation of the osteoclastogenic program by releasing proto oncogene c-Fos from inhibition (10) . Given the function of miR-206 and PDCD4 in bone metabolic processes, a clear explanation of the interaction between the two factors will further highlight the process underlying the pathological alterations of SANFH. In the present study, the expression status of miR-206 and PDCD4 were first investigated with clinical SANFH samples. Subsequently, the expression levels of miR-206 and PDCD4 were modulated to assess their exact roles in the proliferation and apoptosis of osteoblasts. The results of the present study suggested that miR-206 promoted the onset of SANFH, by inducing osteoblast apoptosis via inhibition of PDCD4.
Materials and methods
Chemicals and agents. Antibodies against PDCD4 (cat. no. ab45263), alkaline phosphatase (ALP; cat. no. ab83259), Bcl-2-associated X protein (Bax; cat. no. ab32503) and B-cell lymphoma 2 (Bcl-2; cat. no. ab32124) were purchased from Abcam (Cambridge, UK). The antibody against GAPDH (KC-5G5) was purchased from Zhejiang Kangchen Biotech Co., Ltd. (Wuhan, China). The secondary goat anti-rabbit (cat. no. BA1054) immunoglobulin (Ig)G-horseradish peroxidase-conjugated antibody was purchased from Boster Biological Technology (Pleasanton, CA, USA). A mimic (5'-UGG AAU GUA AGG AAG UGU GUG G-3') and inhibitor (5'-CCA CAC ACU UCC UUA CAU UCC A-3') for miR-206 was obtained from Chang Jing Bio-Tech, Ltd. (Changsha, China). A normal control (NC) mimic (5'-UUC UCC GAA CGU GUC ACG UT-3') was purchased from Chang Jing Bio-Tech, Ltd. The Annexin V/propidium iodide (PI) apoptosis kit (cat. no. CCS012) was purchased from MultiSciences Biotech Co., Ltd. A total of 15 bone specimens from patients undergoing total hip replacement for femoral neck fracture were collected as controls. All the cases involved in the present study had detailed information on the clinicopathological and prognostic characteristics. The present study was approved by Baoan People's Hospital of the Southern Medical University Ethics Committee. The Ethics Committee approved the associated screening, inspection and data collection of the patients, and all subjects signed a written informed consent form. All experiments were undertaken following the provisions of the Declaration of Helsinki.
Plasmid construction and transfection. Specific small interfering (si)RNA (50 nM) targeting PDCD4 (5'-UCA GUA UCU GCU CAU UUU CUA TT-3') and negative control (NC) siRNA (50 nM) (5'-UUC UCC GAA CGU GUC ACG UTT-3') were purchased from Chang Jing Bio-Tech, Ltd. For the dual luciferase assay, wild type and mutant sequences of PDCD4 3'UTR were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and ligated into the psiCHECK-2 plasmid (Promega Corporation, Madison, WI, USA). Transfection was performed using Lipofectamine™ 2000 according to the manufacturer's protocol. Twenty-four hours after transfection, cells were collected and subjected to subsequent experiments.
RNA extraction and RT-qPCR. Total RNA from SANFH specimens or hFOB1.19 cells (normal, NC siRNA transfected, and PDCD4 siRNA transfected) was extracted using an RNA extraction kit according to the manufacturers' protocol. cDNA templates were obtained via RT using RNA according to the manufacturer's protocol. The final reaction mixture of volume 20 µl contained 10 µl Bestar ® SYBR-Green qPCR Master Mix and 0.5 µl each primer. PDCD4 forward, 5'-ACA GGT GTA TGA TGT GGA GGA-3' and reverse, 5'-TTC TCA AAT GCC CTT TCA TCC AA-3'; miR-206 forward, 5'-ACA CTC CAG CTG GGT GGA ATG TAA GGA AGT GT-3' and reverse, 5'-CTC AAC TGG TGT CGT GGA-3'; ALP forward, 5'-ACT GGG GCC TGA GAT ACC C-3' and reverse, 5'-TCG TGT TGC ACT GGT TAA AGC-3'. GAPDH was used as an internal reference, the primers were as follows: Forward, 5'-ATC GTG CGT GAC ATT AAG GAG AAG-3' and reverse, 5'-AGG AAG GAA GGC TGG AAG AGT G-3'. U6 was used as an internal reference, the primers were as follows: Forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. A total of 1 µl cDNA template and 8 µl RNase free H 2 O reaction volume was used. The thermocycling conditions for the amplification were as follows: A denaturation step at 94˚C for 2 min, followed by 40 cycles at 94˚C for 20 sec, 58˚C for 20 sec and 72˚C for 30 sec, and the reaction was stopped by a step at 25˚C for 5 min. The melting curve was analyzed between 62˚C and 95˚C, and the relative expression levels of the target genes were calculated by a Real-Time PCR Detection system (Mx3000P; Agilent Technologies, Inc., Santa Clara, CA, USA) using the formula of 2 -ΔΔCq (20) .
Western blot assay. Total proteins were extracted using the Total Protein Extraction kit according to the manufacturer's protocol. The concentrations of the protein samples were determined according to the Bicinchoninic Acid assay. 30 µg protein from different samples were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis at 80 V for 2.5 h. The proteins were transferred onto polyvinylidene difluoride membranes and rinsed with Tris base buffer solution with Tween-20 (TBST). Following this, membranes were blocked with skimmed milk solution for 1 h at room temperature. Subsequently, membranes were incubated with one of the primary antibodies against PDCD4 (1:2,000) for 50 min, anti-Bax (1:1,000) for 25 min, anti-ALP (1:1,000) for 40 min, anti-Bcl-2 (1:1,000) for 25 min, and anti-GAPDH (internal reference; 1:1,000) for 30 min at 300 mA at room temperature and then incubated with peroxidase-conjugated secondary antibodies (1:20,000) for 40 min at room temperature. Blots were developed using the Beyo ECL Plus reagent (Beyotime Institute of Biotechnology, Haimen, China) and analyzed with the Gel Imaging system (WD-9413B; Beijing Liuyi Biotechnology Co., Ltd., Beijing, China) and the relative expression levels of different proteins were calculated with Bio-Rad Quantity One software version 4.6.3 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Dual luciferase assay. The modulation effect of miR-206 on PDCD4 was determined with dual luciferase assay in 293T cells (2x10 5 /ml): luciferase activity was detected by Dual Luciferase Assay kit according to the manufacturers' instruction 48 h following transfection of different combinations of plasmid and mimic. psi-CHECK2-PDCD4 and miR-206 mimic co-transfection was performed with the with Lipofectamine 2000. The fluorescence intensity was detected using a Microplate Reader (GloMax; Promega Corporation) and normalized in comparison with Renilla luciferase.
Cell viability and proliferation detection. Exponentially growing hFOB1.19 cells (5x10 5 cells/ml) were seeded into a 96-well plate. Then cells were incubated for 72 h (each treatment was administered nine times) and every 24 h, 10 µl/ml CCK-8 (Beyotime Insitute of Biotechnology) solution was added to selected wells and incubated at 37˚C for 60 min. Optical density values at 450 nm were measured with a microplate reader (GloMax; Promega Corporation) and used to give a representative assessment of cell viability. hFOB1.19 cells were harvested following a 48-h culture and assessed using 5-ethynyl-2'-deoxyuridine (EdU) assay according to the manufacturer's protocol and the result was detected under a fluorescent microscope, magnification, 200x.
Immunofluorescence detection. Immunofluorescence detection was conducted as described in a previous study (21) . Briefly, paraformaldehyde-fixed cells were permeabilized with 0.1% Triton X-100 for 30 min. Following blocking in 10% goat serum (Thermo Fisher Scientific, Inc.) for 15 min, primary rabbit polyclonal antibodies against different proteins of interest (PDCD4) (1:500) were then added, and the cells were incubated overnight at 4˚C. Subsequently, cells were incubated with Cy3-labeled secondary antibody (1:1,000) (cat. no. ab6939; Abcam) for 1 h in the dark. Thereafter, the cells were stained with 4,6-diamino-2-phenyl indole for 5 min at room temperature. The results were imaged with a fluorescent microscope (BX53; Olympus Corporation, Tokyo, Japan) at magnification, x40.
Hoechst 33258 staining. The morphological alterations of the cellular nuclei due to apoptosis were detected using a Hoechst staining kit (20 µM) according to the manufacturer's protocol. The results were observed under a fluorescence microscope under 460 nm; magnification, x120.
Flow cytometry. Apoptotic process was detected using an Annexin V/PI apoptosis kit according to the manufacturer's protocol. The apoptotic rates were analyzed using a FACScan flow cytometer (Accuri C6; BD Biosciences). The total apoptotic rate was equal to the sum of the late apoptotic rate (UR, upper right quadrant-advanced stage apoptosis) and the early apoptotic rate (LR, lower right quadrant-prophase apoptosis).
Statistical analysis.
All the data were expressed as the mean ± the standard deviation (n=3). The association between expression of miR-206 and PDCD4 at mRNA level was analyzed with Pearson correlation analysis. The difference between groups was analyzed using Student's t-test or one-way analysis of variance followed by the Least Significant Difference. All the statistical analyses were conducted using SPSS version 19.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Expression level of miR-206 increases while expression of PDCD4 is suppressed in SANFH samples.
A total of 15 SANFH samples were collected to investigate the association between the expression of miR-206 and PDCD4. As presented in Fig. 1A , the expression of miR-206 was significantly increased in SANFH samples compared with the control samples (P<0.001). However, the expression of PDCD4 was significantly inhibited at the mRNA and protein level (P<0.01; Fig. 1B and C, respectively) . In addition, it was demonstrated that miR-206 was negatively correlated with PDCD4 at the mRNA level (R=0.633, P<0.01; Fig. 1D ), indicating a potential interaction between the two factors.
miR-206 directly binds to the promoter of the PDCD4 gene and inhibits the transcription of PDCD4.
The interaction between miR-206 and PDCD4 was analyzed with a dual luciferase assay. As presented in Fig. 2 , the co-transfection of miR-206 and the wild type promoter sequence of PDCD4 significantly decreased the relative luciferase activity in 293T cells (P<0.05). Given that miR-206 and the mutant promoter sequence of PDCD4 had no effect on relative luciferase activity, the results of the dual luciferase assay indicated the that miR-206 bound directly and specifically to the promoter sequence of the PDCD4 gene, which exerted a negative effect on the expression of PDCD4 at the transcriptional level. (Fig. 3B) . The cells overexpressing-miR-206 demonstrated a significantly increased level of apoptosis as illustrated by Hoechst33258 staining and flow cytometry: A larger proportion of Hoechst33258 positive cells (bright blue), and significantly increased apoptotic rate were detected (P<0.01; Fig. 3C and D) . However, inhibition of miR-206 in hFOB1.19 cells had no influence on the cell apoptotic process compared with the NC group (Fig. 3C and D) .
miR-206 impairs the osteogenic process by suppressing PDCD4-associated signaling.
At the molecular level, transfection of an miR-206 mimic downregulated the expression of PCDCD4 (Fig. 4A-C) . Additionally, ALP was also suppressed by transfection with an miR-206 mimic ( and B), indicating the impaired proliferation and differentiation potential of hFOB1.19 cells as a result of miR-206 overexpression. The level of the pro-apoptotic factor Bax was increased while the level of anti-apoptosis factor Bcl-2 was suppressed in miR-206 overexpressing cells (Fig. 4B) . For cells transfected with the miR-206 inhibitor, the expression of Bax was decreased and the expression of PCDCD4 and Bcl-2 was increased ( Fig. 4B and C) , representing an inhibited apoptotic process in hFOB1.19 cells, which explained the augmented cell viability by miR-206 knockdown.
The involvement of PDCD4 in osteoblastogenesis had been previously reported (22) , but the exact function of the factor on bone metabolism was neglected. The effect of PDCD4 and miR-206 on the differentiation potential, and apoptosis was investigated (Fig. 5) . In the present study, the expression of PDCD4 was inhibited in miR-206 knockdown hFOB1.19 cells, which resulted in significantly decreased expression of ALP (P<0.001; Fig. 5A ). It was demonstrated that the knockdown of PDCD4 significantly induced cellular apoptosis in a similar pattern to that of miR-206 overexpression (P<0.01; Fig. 5B and  D) . In addition, knockdown of PDCD4 induced the expression of Bax while the expression of ALP and Bcl-2 was suppressed (Fig. 5C) , which relieved the hFOB1.19 cells of the effect of miR-206 inhibition. The above results indicated that the pro-SANFH function of miR-206 depended on the suppression of PDCD4 in osteoblasts.
Discussion
The incidence of SANFH has continued to increase due to the excessive use of exogenous steroids in recent years (17) . Although numerous studies have attempted to investigate the molecular alterations associated with the disease and develop novel treatment or prevention modalities, the onset and progression mechanism underlying SANFH remain partially understood. Based on clinical statistics, the prognosis of SANFH children is significantly better than that of adults (23) (24) (25) . Given that children possess a stronger osteogenic ability than adults, the viability and differentiation potential of osteoblasts is potentially serving a key role in the onset of SANFH. Therefore, the identification of biological markers indicating the proliferation/apoptosis of osteoblasts is a reasonable target for analysis to promote improvement in the treatment and prevention of SANFH. In the present study, the results demonstrated that the apoptotic process of human osteoblast lineage hFOB1.19 was governed by miR-206 in a PDCD4-inhibition-dependent manner.
The integrity and function of the skeletal system is maintained by a balance between osteoclasts and osteoblasts, interruption of this during any stage of life will lead to bone disease, such as osteonecrosis (26) . Based on several previous studies, the apoptosis of osteoblasts is a critical event in the onset of SANFH as the process disrupts the balance between osteoclasts and osteoblasts (7, 8, 27) . Multiple factors are reported to be associated with the viability and survival of osteoblasts. Among these, miRs have emerged as novel regulatory molecules closely associated with bone diseases (17) . A number of miRs exhibit a tissue or developmental stage-specific expression pattern, and have been depicted as signaling network nodes modulating osteoblastic differentiation processes. For example, miR-21, miR-26a and miR-196 are miR members that serve central roles in the osteogenic differentiation of mesenchymal stem cells (28) (29) (30) . Additionally, miR-29, miR-let-7 and miR-26 attenuate extracellular matrix protein synthesis and mineralization in osteoblasts as well as support the maturation of osteoblasts (10) . In the present study, the expression of miR-206 was first investigated in clinical SANFH specimens. Consistent with a previous study (17) , it was demonstrated that the expression of miR-206 was associated with the onset of SANFH. A previous study demonstrated that the overexpression of miR-206 inhibits the differentiation of osteoblasts via the Wnt/β-catenin signaling pathway (17) . With a series of in vitro assays, the present study confirmed the negative effect miR-206 on viability and differentiation potential on osteoblasts. Induced expression of miR-206 not only increased the apoptotic rate but also inhibited the cell viability of hFOB1.19 cells. In addition, the expression of the osteoblastic differentiation marker ALP was also inhibited by the miR-206 mimic. To investigate the downstream signaling involved in the effect of miR-206 on osteoblasts, the function of PDCD4 was also investigated in the present study. PDCD4 is originally characterized as an inhibitor of cellular transformation (31) . In several cancer types, the expression of PDCD4 is inhibited (32, 33) . In the study of Sugatani et al (22) the authors confirm a novel molecular mechanism regulating osteoclastogenesis: enforced expression of miR-21 inhibited osteoclast development via down-regulation of PDCD4 expression. The conclusion infers a pro-osteoblastogenic role for PDCD4, which was validated by the results of the present study. Similar to the effect of increased miR-206 expression, knockdown of PDCD4 induced apoptosis and impaired the differentiation potential of hFOB1.19 cells, which inhibited the pro-osteoblastogenesis effect of miR-206 inhibition.
In conclusion, the results of the present study supplement the knowledge about the function of miR-206 in the onset and progression of SANFH. miR-206 induced the apoptosis and suppressed proliferation and differentiation of osteoblasts in a PDCD4-dependent manner. Modulation of miR-206 signaling will be an innovative method for alleviating the deleterious effect of SANFH. Our results support the potential of miR-206 to be used in therapies for the treatment of SANFH but further studies need to be conducted.
